Iron phosphate was synthesized and characterized for the removal of Cr(VI) ions from aqueous solution. Batch type experiments were conducted to study the effects of contact time, pH of the solution, chromium concentration and temperature. The experimental data were analyzed with the adsorption isotherms models of Freundlich, Langmuir and Dubinin Radushkevich (D-R). Results showed that Cr(VI) retention is dependent on pH and temperature. The thermodynamic parameters of the retention system were determined in a temperature interval from 293-323 K. The obtained values of thermodynamic parameters show that the Cr(VI) ions retention on iron phosphate is endothermic and spontaneous type. The results suggest that iron phosphate could be used as an effective adsorbent for the retention of Cr(VI) ions from aqueous solution.
intRoDuction
Water is an indispensable resource for all life form and is used in almost all human activities. Contamination of the water in rivers, lakes and seas alters the balance of the ecosystems, frequently causing irreversible phenomena that are reflected in life quality deterioration. This situation is in a large extent due to the technological development and the irrational management of the renewable resources. The presence of heavy metals in waste water originates from different industrial activities such as: minerals and metal industry, extractive metallurgy, tannery industry and fertilizer manufacture, among others; therefore, the industrial remainders constitute the main water contamination source. [1] [2] [3] Different physical-chemical methods exist for treatment of liquid effluents that contain heavy metals, eg: precipitation, ion exchange and inverse osmosis; nevertheless, the majority of these processes are expensive to operate or maintain and their dependency with some factors does not allow removing metals in an efficient way. At the moment, the adsorption on inorganic solid has been the object of many investigations that allow diminishing contamination indices in effluents, because it is a precise and highly effective method for the metal removal in aqueous solution. The selection of an inorganic solid for removing polluting agents is based on its structural, superficial characteristics and selectivity, besides its stability to chemical processes, radiation and temperature. [4] [5] [6] Metal phosphates possessing remarkably large internal surface areas and narrow pore size distributions have attracted considerable attention for their great potential application as catalysts, adsorbents, and host materials. Recently, much work has been devoted to the metal phosphate materials synthesis, [7] [8] [9] [10] and iron phosphate with porous structure would be interesting in terms of structure and adsorbent performance. Thus, the study of Cr(VI) retention on iron phosphate materials is helpful and essential for the evaluation of heavy metal physic-chemical behavior in the aqueous pollutant retention field. Indeed, chromium retention is, now, well understood. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] However, the literature data indicate that the Cr(VI) retention on iron phosphate has not been studied.
On the other hand, chromium is considered as a highly dangerous polluting agent. Its concentrations in industrial effluents reach higher values than the allowed ones in many cases. Chromium toxicity depends strongly on its oxidation states, Cr(VI) being the most dangerous; besides, this polluting agent has been associated with the increase of cancer incidences.
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The objective of this investigation was to study the Cr(VI) ions retention behavior on iron phosphate, synthesized in our laboratories, as a function of chromium concentration, pH and temperature of the Cr(VI) aqueous solution, by means of batch experiments, to determine the optimal conditions of retention in the studied material and the thermodynamic parameters as well.
expeRimental materials All the reactives and chemical substances used in this investigation were analytical grade and deionized water was used in all the experiments to prepare working solutions.
adsorbent preparation
In a typical sample preparation route, 8.08 g Fe(NO 3 ) 3 .9H 2 O was dissolved in 80 mL of distilled water (solution A) and 7.16 g Na 2 HPO 4 dissolved in 80 mL of distilled water (solution B). At once, solution B was added to solution A while stirring. The resulting FePO 4 precipitate was recovered by centrifugation and washed with distilled water. The precipitate was suspended in 20 mL of distilled water, then a solution of HF (40 wt%) was dropped into the suspension under vigorous stirring. When a transparent solution was obtained, 2.88 g sodium dodecyl sulfate, dissolved in 10 g water, were added to the solution while stirring at room temperature for 30 min. The resultant mixture was heated to 333 K and maintained for 2.5 h. After cooling to room temperature, a light yellow precipitate was observed in solution and then recovered by centrifugation. The surfactant was removed from the solid by mixing it with 0.05 M sodium acetate in ethanol and stirring at room temperature for 40 minutes. It was then separated by centrifugation, washed several times with ethanol and the resultant solid was dried at room temperature as described by Xuefeng et al. 2001. 22 adsorbent characterization A Siemens D-5000 diffractometer coupled to a copper anode tube was used to obtain the X-ray diffraction pattern and identify the crystalline compound. The K a wavelength was selected with a diffracted beam monochromator. The compound was identified comparing it with JCPDS cards in the conventional way. Morphology was studied using a scanning electron microscope (SEM) Philips XL-30 and specific surface areas were obtained by nitrogen adsorption through the BET method with a surface area analyzer Micromeritics Gemini. Stock and subsequent solutions of Cr(VI) were prepared by dissolving K 2 Cr 2 O 7 (analytic reactive grade) in deionized water. The solutions with the desired Cr(VI) concentrations were prepared by successive dilutions of a stock solution. The pH of the chromium solutions was adjusted adding NH 4 OH or HNO 3 . The present chromium concentrations in each aliquot were determined by reaction with 1.5 diphenylcarbazide 23 followed by absorbance measurement at 540 nm using a UV-visible spectrophotometer Shimadzu model 265.
Batch experiments
Batch type experiments were carried out at 293 K to determine the retention kinetic of Cr(VI) ions onto iron phosphate. 100 mg of iron phosphate e-mail: francisco.granados@inin.gob.mx and 10 mL of 1.0 x 10 -4 mol/L Cr(VI) ions solution (pH 5) were shaken in closed vials for different time intervals (5 min to 24 h) to attain equilibrium distribution. 24 Later, the samples were centrifuged to recover the liquid phase. All of the experiments were performed in duplicate, by running two parallel independent closed vials, simultaneously. The retention capacity of Cr(VI) ions by iron phosphate was determined from the difference between the initial and final concentrations of Cr(VI) ions in the aqueous solutions before and after retention. The amount of Cr(VI) ions retained per unit mass of the adsorbent and the percent retention of Cr(VI) ions were calculated by:
(1) (2) were, q is the amount of Cr(VI) ions retained on iron phosphate (mmol/g), 
Results

adsorbent characterization
The obtained iron phosphate X-ray diffraction pattern of synthesized material sample shows that iron phosphate was identified as amorphous structure (Fig. 1) . The presence of unclear and asymmetric lines indicates a low crystalinity. On the other hand, the XRD pattern of iron phosphate obtained after of the Cr(VI) retention shows no important change, therefore the amorphous structure of the compound was confirmed. The particles of the iron phosphate observed by SEM were porous. The Specific surface area of iron phosphate was 269.5 m 2 /g, the total pore volume was 0.3150 cm 3 /g and the average pore diameter was 2.33 nm. In general, those results are within the range reported in literature for this compound, 25 besides those textural characterizations shows that the iron phosphate can provide the active sites for their Cr(VI) retention from aqueous solution.
solutions. 26 As can be observed, iron phosphate has the best performance to retain Cr(VI) ions.
fig. 1:
Iron phosphate X-ray diffraction pattern.
effect of contact time
The Cr(VI) retention on iron phosphate was carried out by means of static experiments at an initial pH of 5.0, using a 1 x 10 -4 mol/L K 2 Cr 2 O 7 solution at room temperature. The results shown in Fig. 2 indicate that the Cr(VI) retention on iron phosphate was fast and reached complete equilibrium within 5 hours of shaking time. A maximum retention capacity of Cr(VI) was found to be 9.47 x 10 -4 meq/g which indicates a good retention of Cr(VI) ions.
In order to justify the validity of iron phosphate as an adsorbent for Cr(VI) ions retention, its retention capacity at equilibrium was compared with those capacities of other adsorbents such as boehmite: 
effect of pH
The influence of initial pH on the chromium ion retention was studied using a 1 x 10 -4 mol/L chromium ion solution. The initial pH of the chromium solutions was adjusted ranging from 3 to 11 using HNO 3 and NaOH solutions and the obtained results are shown in Fig. 3 . The chemical species of metal studied are anions and thus the retention decreased when alkaline pH was increased, while the maximum chromium retention occurs at pH acid values. This maximum retention occurs in acid media due to the fact that in this media the chromium ions exist as the anions HCrO 4 -or Cr 2 O 7 2-, 21,27 which are adsorbed on the charged positively surface of iron phosphate, leading to a high retention percentage. In alkaline media, the competence between Cr 2 O 7 2-and OH -ions to displace the OH groups attached to the Fe atoms of the adsorbent can explain the observed low Cr(VI) ion retention. On the other hand, inorganic materials surfaces acquire electrical charge when interacting with solutions. The type of charge is variable and depends on solution pH and zpc (zero point charge) of the material. The reported zpc value for iron phosphate is 5.3.
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Only cationic species should be retained on the inorganic material above its zpc value. Under our experimental conditions, the hexavalent chromium anions species (HCrO 4 -or Cr 2 O 7 2-) are the only one that appears in the original solution of pH 5.0, acording at the relative distribution of Cr(VI) species in the aqueous solution at the chromium concentration studied 29 as shown in Fig. 4 . Therefore, anionic Cr(VI) species should be retained on the positively charged surface of iron phosphate. In all experiments, pH 5.0 was used except in the pH effect study, thus guaranteeing that the iron phosphate surface was positively charged during the retention experiments. The results demonstrate that the electrical properties of this material surface, i. e. the charge of the surface groups, are in part responsible for ion exchange with a specific group on a retention surface, in accordance with the concept of zpc. 
fig. 4: Relative distribution diagram of Cr(VI) species in the aqueous solution effect of initial concentration
The chromium retention on the synthesized iron phosphate was studied using several concentrations (1 x 10 -4 to 1 x 10 -5 mol/L) at room temperature and a shaking time of 5 h as shown in Fig. 5 . It was found that Cr(VI) adsorption is increased when the chromium concentration decreases; this behavior is attributed to the fact that there are more active sites in the adsorbent material surface per adsorbent gram available for the chromium retention at a high dilution.
for an ideal retention on heterogeneous surfaces and for an adsorption in multilayers as well. Relatively high fractional values of 1/n (0-1) demonstrate a validity of the classic Freundlich isotherm on the interval of studied chromium concentration. The value obtained for 1/n was attributed to the heterogeneous nature of the adsorbent surface with an exponential distribution of the retention sites. 32 As can be observed in Fig. 6 , a straight line was obtained with a high correlation factor (0.9860), indicating that the retention data fit well to the Freundlich isotherm model.
fig. 5: Concentration effect of Cr(VI) retention on iron phosphate adsorption isotherms
The distribution of Cr(VI) between the liquid phase and the solid adsorbent phase (iron phosphate) as a function of initial concentration, was surveyed using isotherms models of Freundlich, Langmuir and Dubinin-Radushkevich (D-R). The Freundlich model was evaluated by means of the following equation 31 :
where e a log is the amount of solute retained per unit weight of the adsorbent at equilibrium (mol/g), C e is the solute concentration in solution at equilibrium (mol/L), K and 1/n are the Freundlich constants that correspond to retention intensity and retention capacity respectively. The values of 1/n and K numerically represent an affinity of adsorbent with adsorbate and a relationship of adsorbate-adsorbent affinity to which the volume of adsorbate is added, respectively. When constant 1/n is in the range 0.1-0.5, it is considered that adsorbate is easily adsorbed, on the other hand, if 1/n > 2, it is considered that adsorption is difficult. The values of K and 1/n were obtained from the slope and intercept of a plot of e a log vs log C e as shown in Fig. 6 and they were found to be 0.24 ± 0.002 x 10 -2 mol/g and 0.68 ± 0.02 mol/g, respectively, with a correlation coefficient R 2 = 0.9860. This empirical model can be applied
fig. 6: Freundlich adsorption isotherm for Cr(VI) retention on iron phosphate.
The retention data also were evaluated using the Langmuir adsorption isotherm in their linearized form: (4) where C e is the metallic ion concentration in solution at equilibrium (mol/L), a e is the amount of chromium retained at equilibrium (mol/g); K and a max are the Langmuir constants and the retention maximum capacity respectively. The Langmuir model is extensively applied for an adsorption isotherm; this model considers that the adsorption energy of each molecule is independent of the surface material, retention only takes place on some sites and there is no interaction between molecules. A straight line was obtained when C e /a e was plotted vs C e on the investigated interval of concentration (Fig.  7) , and indicates that the Cr(VI) ion retention also obeys the Langmuir model. The slope of the straight line was a máx = (2.4 ±0.01) x 10 -5 mol/g and the intercept was K= (23.69±0.1) x 10 2 L/mol, with a correlation coefficient of R 2 = 0.9089.
fig. 7: Langmuir adsorption isotherm for Cr(VI) retention on iron phosphate.
On the other hand, data were also evaluated with the Dubinin-Radushkevich (D-R) adsorption isotherm in their linearized form 32 : (5) where ß is a constant and ε is the Polanyi retention potential that can be calculated with the following equation: (6) where r is the gases constant (8.314 x 10 -3 kJ/mol K) and T is the absolute temperature in Kelvin. This isotherm postulates a fixed volume or "adsorption space" close to the adsorbent surface where adsorption takes place. Polanyi adsorption potential, e, is the work required to remove a molecule or ion to infinity from its location in adsorption space independent of temperature. This model assumes the heterogeneity of adsorption energies within this space. The Dubinin-Radushkevich equation was formulated from Polanyi theory especially for applications in microporous materials, however it can be applied to experimental data for low concentrations of adsorbates and very good correlations can be obtained. A graph of ln e a vs. 2 ε is shown in Fig.   8 . A straight line was obtained and this indicates that the adsorption data also fit the D-R adsorption model in the studied Cr(VI) concentration range. The obtained values of maximum amount of chromium that can be adsorbed on iron phosphate and the average adsorption energy, obtained from the slope and interception of this straight line, were a máx = (1.2±0.04) x 10 -4 mol/g y e= 0.0236±0.10 kJ/mol respectively. The average adsorption energy (e), which is the averaged free energy for transference of one mol of solute from the infinite (present in solution) to the iron phosphate surface, was evaluated using the relation E = 1/√-2β with β= -890.2 mol 2 /K J. The value obtained from e can be in the interval 8-16 kJ/mol for a process of ion exchange. 33 As e = 0.0236±0.10 kJ/mol is lower than the interval 8-16 kJ/mol, the retention process is not controlled by an ion exchange process. The low value of adsorption energy found for the present system, indicates that the forces of attraction that work during the Cr(VI) adsorption on iron phosphate are relatively no stronger and the adsorption process can occur even under ordinary condition.
fig. 8: Dubinin-Radushkevich (D-R) adsorption isotherm for Cr(VI) retention on iron phosphate
Temperature effect Batch experiments were carried out at 293, 303, 313 and 323 K to investigate the temperature effect with an initial Cr(VI) ion concentration of 1 x 10 -4 mol/L at pH 5, a contact time of 5 h and an adsorbent amount of 0.1 g. It was observed that the Cr(VI) retention is increased with the increase in temperature as shown in Table 1 . This behavior is provoked by the great mobility of Cr(VI) ionic species present in aqueous solution and the possible acceleration of some adsorption passages which are originally slow or by the creation of some new active sites on the iron phosphate surface with increase in temperature. On the other hand, this can also be explained by the fact that at high temperature the kinetic energy of Cr 2 O 7 2-anions is high, therefore contact between anionic chemical species and the active sites of iron phosphate is sufficient, leading to an increase in retention efficiency. for the retention system by using the following equations:
where
and r are, respectively, enthalpy change, entropy change, Gibbs energy of retention, absolute temperature in Kelvin, the universal gases constant and distribution coefficient, respectively. For K d formula, m is the mass of the adsorbent in grams, V is the volume of the chromate solution contacted with the solid, and C i and C f were defined in the experimental section. The enthalpy change was calculated from the obtained straight line slope in the plot K d vs 1/T (Fig. 9) , derived from application of the van´t Hoff equation in its linearized form 33, 34 :
The obtained enthalpy change (ΔH 0 ) was found to be 45.9±0.3 kJ/mol, where the positive value indicates an endothermic nature of the retention process. The magnitude of ΔH 0 is related to the reaction mechanism. If ΔH 0 is in the range of 8-16 kJ/mol, retention is controlled by ion exchange 33 and thus, for the Cr 2 O 7 2-ion retention process on FePO 4 , ion exchange is not dominant according to the value of ΔH 0 found in this work. fig. 9 : Plot of log K d vs.1/T for the Cr(VI) retention on iron phosphate.
The ΔS 0 value also was calculated from line intercept with the y axis in Fig. 9 , whereas ΔG 0 was obtained using the equation (9) . ΔG 0 was calculated as -17.8±2.0 kJ/mol; their negative sign and value show the spontaneity of retention process. Meanwhile ΔS 0 was obtained as (21.7±0.2) x 10 -2 kJ/K mol and their positive value indicates an increase in the randomness in solution interphase with solid by the ions chromium fixation on iron phosphate. When ions are retained at the iron phosphate surface, water molecules that were previously bounded to Cr(VI) ions are released and dispersed in the solution, resulting in an increase in entropy change.
The described results indicate that iron phosphate is an adequate adsorbent for removal of Cr(VI) ions from aqueous solutions under the test experimental conditions. The benefits and novelty of using iron phosphate instead of other solid studied and reported in the literature, [35] [36] include low cost and its thermal stability, chemical resistance and low solubility in a wide pH interval.
conclusions
The iron phosphate was synthesized and characterized in this investigation and an amorphous material was obtained. The equilibrium system was obtained at short time of 5 h by placing solid and aqueous phases in contact. Cr(VI) retention on synthesized material was dependent on adsorbate concentration, temperature and pH. The Cr(VI) retention data fitted best to the isotherm model of Freundlich, indicating that the chromium retention on iron phosphate surface occurs through the formation of multilayers. The ΔH 0 , ΔS 0 and ΔG 0 values indicate that the chromium ion retention on iron phosphate was carried out by means of an endothermic and spontaneous retention process and by means of a physical retention that is determined by its activation energy.
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